We present the effects of oxygen on the irreversible bonding of a microchannel using an ultraviolet (UV) curable material of polyurethane acrylate (PUA). Microchannels were fabricated by bonding a top layer with impressions of a microfluidic channel and a bottom layer consisting of a PUA coating on a glass or a polyethylene terephthalate (PET) film substrate. The resulting channel is a homogeneous conduit of the PUA material. To find optimal bonding conditions, the bottom layer was cured under different oxygen concentration and UV exposure time at a constant UV intensity (10 mW cm -2 ). Our experimental and theoretical studies revealed that the channel bonding is severely affected by the concentration of oxygen either in the form of trapped air or permeated air out of the channel. In addition, an optimal UV exposure time is needed to prevent clogging or non-bonding of the channel.
Introduction
Poly(dimethylsiloxane) (PDMS) is one of the most widely used polymeric materials for fabricating microfluidic devices because it allows for easy manufacturing by rapid prototyping and favorable mechanical and optical properties such as softness, transparency and low autofluorescence.
1, 2 In spite of these advantages, it takes more than 1 h to cure PDMS at an elevated temperature (~70 • C). Also, PDMS channels are typically hydrophobic (contact angle of water~105
• ), which causes nonspecific adsorption of biological species, 3,4 limited capillary flow inside channels, 5, 6 and poor chemical compatibility with many organic solvents. 7 Moreover, the fabrication of a nanoscale channel is not easily achieved with PDMS due to low elastic modulus (~1.8 MPa) of the material. 8 Rigid materials such as silicon and glass can overcome some of the shortcomings of PDMS, but their widespread use is limited by complicated and expensive fabrication process, intrinsic stiffness, low biocompatibility, and biofouling. 23, 24 and poly(urethane acrylate) (PUA).
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Of these, UV curable materials have several advantages, such as rapid prototyping with short curing time, low energy consumption, room temperature operation, excellent resistance toward organic solvents/chemicals/heats and tunable properties of the polymers. 26 With these advantages, microfluidic devices have been successfully fabricated by using UV curable resins such as PEG diacrylate (PEG-DA), 21 PEG dimethacrylate (PEG-DMA), 21 NOA, 23,24 PUA 25 and poly(vinyl silazane). 27 Generally, microchannels are fabricated by bonding partially cured top and bottom layers aided by an elevated temperature and/or an applied pressure. In the photocrosslinking step, it is known that oxygen inhibits free radical polymerization by scavenging initiating radicals when the surface of the resin is exposed to air. As a result, the surface remains undercured and tacky, 26 which enables subsequent bonding of the two layers. Although several methods have been developed to deal with oxygeninduced partial curing, mainly in the areas of thin film coating,
28
researchers are now utilizing the oxygen inhibitory effect for fabricating micro-and nanoscale channels, 5,21,23 micro/nanoscale hierarchical structures 29 and generating microparticles inside microfluidic devices.
30, 31 In response to increasing demands in finding optimal curing conditions of the UV curable materials, it would be beneficial to study the role of oxygen inhibition in the irreversible sealing of microchannels.
Here, we analyze the oxygen inhibitory effects on the photocrosslinking and subsequent channel bonding by changing oxygen concentration and curing time with an UV curable polyurethane acrylate (PUA) resin. The concentration of oxygen in contact with the PUA resin was controlled by using different blanket layers (no blanket, PDMS, and PUA) with different permeability to air. Our experimental results demonstrate that the oxygen can assist complete bonding of channels either in the form of trapped air or permeated air out of the channel. Also, an optimal curing time is needed to induce a robust bonding. To explain our experimental observations, a simple theoretical model was developed based on one-dimensional kinetic equation by incorporating competition between oxygen consumption and permeation.
PUA drop followed by UV exposure (~250-400 nm) for 20 s through the transparent PET film at an intensity of 10 mW cm -2 . The PET film used in this process was surface modified with urethane groups to increase adhesion to the acrylate-containing monomer (Sun Chemical Co., Korea). The silicon master was prepared by photolithography, having protruding (positive) features with impressions of a microfluidic channel (145 mm width and 45 mm height). After UV curing, the crosslinked PUA channel mold (top layer of channel) was peeled off from the master and both ends of the channel were cut, leaving behind an open-ended channel. All the top layers were exposed to UV for the same duration of time (~20 s). The PUA channel mold was then brought in conformal contact with a bottom layer of glass slide or PET film with a PUA coating (thickness 10 mm). The two layers were bonded with an additional UV exposure for several minutes under a slight pressure (~10 3 Pa). The PUA resin on the bottom layer was cured for 5 s to 30 min depending on blanket materials (no blanket, PDMS blanket and PET blanket). Here, the blankets were used for changing oxygen concentration in contact with the PUA surface. By utilizing the different permeabilities of the blanket materials to air, the degree of crosslinking was modulated by controlling UV exposure time.
Fabrication of microchannels with rhodamine-containing PUA bottom layer
A top layer of the channel was fabricated using the same procedure described above. Here, a Y-shaped channel with one inlet and two outlets was used for introducing DI water. After UV curing, the crosslinked PUA channel mold (top layer of channel) was peeled off from the master and both ends of the channel were cut, leaving behind an open-ended channel for capillarity.
For fabricating a bottom layer of the channel, a small amount (~100 mL) of the PUA resin containing 0.5 wt% rhodamine was drop-dispensed on a glass slide and a flat PDMS block was placed on top. The rhodamine was mixed with the PUA to visualize elution of undercured PUA resin. Then, the half channel covered with the PDMS block was exposed to UV for 25 s whereas the other half channel was exposed for 50 s. The top PUA channel mold was then aligned with the bottom layer and bonded with an additional UV exposure for several minutes. After fabricating the microchannel, an elution behavior of the PUA resin was examined over time by flowing DI water through the inlet of the channel by capillarity using an inverted fluorescence microscope (OLYMPUS IX71, Japan).
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) images of the PUA microchannels were obtained using a XL30FEG microscope (Philips Electron Co., Netherlands) operating at an accelerating voltage of 5 kV. Samples were coated with a 10 nm Pt layer prior to measurements to prevent charging effects.
Nanoindentation
The elastic modulus of the cured PUA layer was measured using a nanoindenter (Nano Indenter XP, MTS). The target depth was 700 nm, and the typical mean load on the bone was 0.2-1.0 mN.
The presented values were measured over at least 10 points per sample.
Results and discussion

Effects of oxygen inhibition and UV exposure time on the fabrication of microchannels
The irreversible bonding procedure with the UV curable PUA material is shown in Scheme 1. In the bonding step, the key mechanism is a partial curing of the bottom layer, which is mainly affected by the concentration of oxygen that is in contact with the resin surface.
26, 29 To determine the effects of oxygen on UV radiation curing during the microchannel fabrication, the bottom layers of the channel were cured in ambient air without a blanket or by using a blanket with different permeability to air (PDMS and PET film) (Scheme 1). In addition, various UV exposure times were tested to find an optimal curing time. After curing, the top layer of the channel was brought in conformal contact with the bottom layer followed by subsequent UV exposure for complete sealing.
Scheme 1 Schematic diagram of the procedure for channel fabrication. A top layer of channel was prepared by replica moulding against a silicon master with PUA resin. A bottom layer of channel was cured under three different conditions: the surface resin was directly exposed to atmospheric air or covered with two different film materials having different permeability to air (PDMS and PET film). After fabricating top-and bottom layers, the two layers were brought in contact with a slight pressure, followed by an additional UV exposure for irreversible sealing. Fig. 1 shows cross-sectional scanning electron microscopy (SEM) images and top-view optical microscopy images of various microchannels fabricated under different curing conditions. For this experiment, microchannels of 145 mm in width and 45 mm in height were used. It was found that the PUA resin was barely cured without a blanket layer (Fig. 1a) , unless the curing time was longer than 30 min. As shown in the figure, when the curing time was 5 min, the uncured PUA resin filled into the cavity and clogged the channel. For an increased curing time to 15 min, the PUA was still undercured and seeped into the channel. Although a relatively robust bonding was obtained when the curing time was enhanced to 30 min, there still was an undercured region, resulting in partial filling into the channel as shown in Fig. 1a . This indicates that the minimum curing time should be >30 min in the absence of a blanket layer. This is presumably due to the fact that the atmospheric oxygen steadily diffuses into the PUA surface and replaces the oxygen consumed by free radicals. Although a long exposure time might lead to better results, the advantage of UV-curable materials, i.e., rapid curing within a few seconds, would be significantly diminished. Therefore, an oxygen barrier appears essential to induce a robust channel bonding by lowering the concentration of oxygen to a required level. It is noted in this regard that the concentration of dissolved oxygen has to decrease by at least two orders of magnitude for initiating polymerization of acrylate double bonds.
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Fig . 1b shows results when a PDMS blanket was used as a diffusion barrier. Since the PDMS is highly permeable (permeability of PDMS~3.6 ¥ 10 -2 mm 2 Pa -1 s -1 ) and protects the surface from direct exposure to air, 32 the polymerization level of the PUA resin can be controlled by changing UV exposure time. Our experimental results demonstrated that at least 10 s exposure time is needed with a PDMS blanket to avoid clogging of the channel. Under 10 s UV irradiation, the PUA was not cured and filled into the channel. With increasing UV exposure time (10-30 s), the polymerization of PUA resin further proceeded and the channel bonding was completed without failure. Based on our experimental results, the appropriate irradiation time was between 40 to 50 s, as judged by the cross-sectional SEM and microscopy images in Fig. 1b . With optimized UV exposure time, only the surface of the PUA resin in contact with air remains tacky, whereas the resin beneath the surface cures completely, resulting in robust channels without a notable distortion or rounding of the channels.
Channel distortions generally pose a number of problems in manipulating flow inside a channel, handling biological species (proteins or cells) or preventing a partial leak at the interface. These problems would become more prominent as the channel dimension goes smaller. Therefore, a slight distortion or rounding at the corner in Fig. 1 might be detrimental to the fabrication of smaller channels (e.g., nanochannels) and their performance as an analytical device. In terms of optimal curing times, however, there would be no notable change for smaller channels since the bottom layer of the channel was partially cured and the top layer of the channel was just added on top (see Scheme 1) . A further study would be required to address this issue in detail.
We also tested a PET film as a diffusion barrier against oxygen. The permeability of the PET film is about 6 orders of magnitude lower than that of the PDMS (permeability of the PET film of 500 mm thickness~2.7 ¥ 10 -8 mm 2 Pa -1 s -1 ). 33 It was found that the UV exposure time should be shorter than 5 s for a robust bonding of microchannels. When the curing time was >5 s, the top and e layers were not bonded, as shown in Fig. 1c . It is worthwhile noting that even for a very short exposure time (<5 s), the bonding strength of the channel was quite weak, such that the top and bottom layers of the channel were easily separated when a PET film was used as the blanket. It is because the PUA resin rapidly cures within 5 s, as there is no permeated air through the impermeable PET blanket. Moreover, there is little trapped air between the PET blanket and the surface of resin without a gap. As a consequence, the use of a PDMS blanket would be useful to achieve robust bonding of microchannels by tailoring the degree of partial curing with time.
The tacky nature can be characterized by measuring mechanical rigidity of the partially cured surface by nanoindentation. It was observed that the elastic modulus of the cured top surface increased with increasing curing time with or without a blanket, but with different speeds (Fig. 2) . In the absence of a blanket, the modulus gradually increased and reached~0.9 GPa after 2400 s, which is still far below the bulk modulus (~2.5 GPa). This indicates that the top surface is not completely cured and partially fluidic. In the case of a PDMS blanket, the modulus increased relatively faster than that without a blanket and reached~1.7 GPa after 180 s, suggesting that the photocrosslinking is inhibited by oxygen. In the case of a PET blanket, the modulus rapidly increased to the bulk modulus after 60 s. Based on our optimal curing times for complete sealing with or without a blanket, the modulus needs to be controlled within a range between 0.7 and 1.2 GPa for the materials and UV intensity used in our experiment. Similarly, the elastic modulus could be used as an indicator to find optimal bonding conditions for other UV curable materials. 
Analysis of change of oxygen concentration on the resin surface
Our experimental results indicate that the minimum curing time for robust bonding depends on the permeability of blanket materials. For example, the minimum curing time for the PET blanket (5 s) was about 8 and 360 times lower than that for the PDMS blanket (40 s) and no blanket (30 min), respectively.
To gain an understanding on the curing kinetics during the fabrication of the bottom layer of channel, we consider a onedimensional kinetic equation for oxygen for the PET and PDMS blankets, respectively.
where C O 2 is the oxygen concentration remaining between the blanket and the surface of the PUA resin and P is the oxygen concentration permeated through the porous PDMS blanket (see Fig. 3a) . Here, the amount of permeated oxygen was assumed constant for a given permeability and a pressure drop between inside and outside of the blanket. Integrating eqn (1) yields
where C i,O 2 represents the initial amount of trapped oxygen and P/kC i,O 2 is the dimensionless parameter that can describe the ratio of permeation rate to oxygen consumption rate. Thus, the effects of permeability can be examined by varying the values of P/kC i,O 2 . . The change of oxygen concentration in contact with the surface of resin is plotted in Fig. 3b as a function of time for different values of P/kC i,O 2 . In this plot, the value of k was assumed to be 1, provided that the curing is complete for 0.01 < C O 2 /C i,O 2 < 0.001. As shown in the figure, when the permeation rate is nearly zero (e.g., a PET blanket), the amount of oxygen beneath the impermeable PET blanket is consumed rapidly within a few seconds. In this case, eqn (3) is reduced to eqn (2) (no permeation). With increasing the ratio of permeation rate to oxygen consumption rate (0 < P/kC i,O 2 < 1), the surface of resin is constantly exposed to oxygen for a long period of time (e.g., a PDMS blanket or no blanket with a high UV intensity). If the permeation rate becomes similar to or higher than the oxygen consumption rate (P/kC i,O 2 ≥ 1), the oxygen concentration is maintained at the initial level or even increases with time (e.g., no blanket with a low UV intensity). It was frequently observed that the UV curing was never completed without a blanket at a lower UV intensity than~0.1 mW cm -2 (data not shown).
Elution of undercured UV-resin inside microchannels
The UV radiation curing is a simple way to transform a liquid resin into a solid polymer within a few seconds without any complicated process. However, the uncured resin molecules could elute from the surface in a solution, recognizing the fact that the UV radiation curing is generally carried out in the presence of air. In fact, microchannels that were fabricated in previous works were prepared while exposed to air.
5,21,23,34,35
Since UV curable resins are optically transparent, it is not easy to detect the elution in a conventional flow operating condition.
To investigate the elution behavior of UV resin molecules cured for different exposure times (for a given UV intensity and a oxygen permeability) inside microfluidic devices, we fabricated Y-shaped channels having one inlet and two outlets (see Fig. 4a ) Fig. 4 (A) Y-shaped microchannels having one inlet and two outlets fabricated by partial curing of a bottom layer and subsequent bonding with a top layer. To visualize the elution of undercured PUA resin, rhodamine was mixed with the bottom layer prior to bonding. In the fabrication of the bottom layer, the half channel was exposed to UV for 25 s and the other half channel was exposed to UV for 50 s (both sides were covered with a bare PDMS block). (B) Magnified inverted microscopy images at different positions of the channel. Channels were bonded without any notable leaks or distortions. (C) Magnified inverted microscopy images of the microchannel at different positions after flowing DI water through the channel. The half side exposed to UV for 25 s turns to a deep red due to elution of the undercured rhodaminecontaining PUA resin. The red background colour can be seen in the online version.
by partial curing of the bottom layer and subsequent bonding process. To visualize the diffusion of the PUA molecules, rhodamine was mixed with the PUA resin for the fabrication of bottom layer of the channel. The top layer of the channel was fabricated with a pure PUA resin by using replica moulding against a silicon master. Fig. 4b shows the fabricated microfluidic channel along with magnified inverted microscopy images at different positions of the channel. As shown in the figure, it appears that channels were completely bonded without any notable leaks or distortions. After flowing DI water through the inlet of the channel, however, the half channel exposed to UV for a shorter duration of time (25 s) changed to a deep red as a result of diffusion of the rhodamine-containing PUA resin, suggesting that there are undercured, eluting PUA molecules on the surface (see Fig. 4c ). On the other hand, no notable changes were observed on the other half channel that had been exposed to UV for a longer duration of time (50 s). These results reveal that although channels were fabricated with no apparent sealing problems, elution can occur from the undercured surface, unless curing conditions were not carefully optimized. When small sample quantities such as rare proteins are involved, these eluting molecules could result in a critical error in the final analysis. In addition, the diffusion of undercured resin could contaminate the channel or compromise cell viability. In this regard, the optimization of curing process enables robust channel fabrication as well as precise analysis in diagnostic and cell-based devices.
Conclusions
We have studied the role of oxygen in the fabrication of microfluidic channels aided by partial curing of the UV curable PUA material. The effects of oxygen on the channel fabrication have been analyzed by changing oxygen concentration and UV curing time. Several notable findings were derived from the experiment. First, the bonding event was heavily affected by the concentration of oxygen. When the surface of resin was directly exposed to air without any blanket (high concentration), the amount of air diffusing into the resin surface was so large that the photocrosslinking was much delayed (>30 min) or never completed. When a permeable PDMS blanket was used (intermediate concentration), it assisted irreversible bonding by rendering the resin surface tacky and partially fluidic within a reasonable duration of time (40-50 s). When an impermeable PET film was used as a blanket (low concentration), the PUA resin rapidly cured within 5 s, resulting in less controllability or a failure of robust channel bonding.
In addition to the oxygen concentration, various UV exposure times were tested to find an optimal curing time. When the curing time was too short, the channel was collapsed by capillary filling of the resin. Furthermore, the undercured resin molecules eluted from the surface in a solution. When the curing time was too long, on the other hand, the bonding failed due to non-fluidic nature of the surface. These findings would offer a guide to optimize bonding conditions for fabricating robust micro-and nanofluidic channels with UV curable materials.
